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A B S T R A C T   
In this work we assessed the spatio-temporal variability of the oceanographic conditions in the period 
1998–2017 in four sectors of the Exclusive Economic Zone (EEZ) of Cuba, referred to as the northwest, northeast, 
southwest and southeast sectors (i.e., NWS, NES, SWS and SES, respectively). We relied upon remote-sensing 
observations of wind speed, sea surface temperature (SST), sea surface height anomaly (SSHA) and chlorophyll-a 
(chl-a) concentration along with model predictions of mixed layer depth (MLD), nitrate concentration and net 
primary production (NPP). We found evidence of the spatially heterogeneous oceanographic conditions of the 
EEZ of Cuba, since the analysed variables fluctuated spatially with meridional and zonal gradients. Overall, the 
southern sectors were warmer and less productive than the northern ones, thereby showing the influence of the 
Caribbean Sea. The NWS showed the highest variability of the physical and biological variables analysed, given 
the convergence of the Caribbean and the Gulf of Mexico waters and the Loop Current variability. The NES was 
strongly influenced by coastal conditions given its limited area and long coast line. Besides, a significant decadal 
increase in SSHA was linked to that in SST. Still, this warming trend was not reflected in the chl-a concentration 
and NPP trends, which is consistent with the fact that there has been no change over the studied 20 years in 
mean wind regime and MLD. Furthermore, the strong El Niño Southern Oscillation events of 1997–1998 and 
2015–2016 appear to have considerably impacted the surface chl-a concentration, which was partially governed 
by the variability of the MLD.   
1. Introduction 
Marine phytoplankton are responsible for about half of the annual 
planetary primary production, though they account for only 0.2% of the 
global biomass of primary producers (Field et al., 1998). They influence 
marine ecosystem functioning and fish harvest (Chassot et al., 2010). 
Phytoplankton productivity drives the oceanic biological pump and can 
therefore affect global atmospheric CO2 levels (Sarmiento and Orr, 
1991; Thomsen et al., 2017). Overall, these organisms strongly influ-
ence climate processes (Murtugudde et al., 2002), as well as biogeo-
chemical cycles at multiple spatial scales (Litchman et al., 2015). 
Phytoplankton are ubiquitously distributed in the oceans, though spe-
cies composition, diversity and abundance vary spatially (Acevedo- 
Trejos et al., 2013). This spatial heterogeneity impacts ecosystem sta-
bility, diversity and regional productivity (reviewed in Bracco et al., 
2009). 
The Caribbean Sea and the Gulf of Mexico form the Wider 
Caribbean Region, which is considered the high-diversity centre of the 
Tropical West Atlantic (i.e., one of the four global centers of tropical 
marine biodiversity) (Robertson and Cramer, 2014). They show distinct 
biophysical traits, in terms of their bathymetry, hydrography, pro-
ductivity, and food webs dynamics, whence they are considered as two 
different Large Marine Ecosystems (LMEs) (Sherman, 1991). The con-
nectivity between the Caribbean Sea and the Gulf of Mexico is governed 
by the marine current system in the region. The clear and warm Car-
ibbean surface waters enter the Gulf of Mexico via the Yucatan Current, 
thereby flowing between the Yucatan Peninsula and the northwestern 
tip of Cuba. Once in the Gulf of Mexico, this current system becomes the 
Loop Current, which turns east and south transporting water out 
through the Florida Current, located between the Florida Peninsula and 
northern Cuba (Sturges and Leben, 2000). 
The waters of the Exclusive Economic Zone (EEZ) of Cuba en-
compass those of the Caribbean Sea and the Gulf of Mexico (Fig. 1A). 
These are very deep waters given the distinctive features of the Cuban 
insular shelf, which is a narrow shelf bordered by extensive reefs and 
keys (Claro et al., 2001). The boundary between the shelf and the slope 
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(i.e., the shelf edge near the outer border of the reefs and keys) is ex-
pressed sharply (Aybulatov et al., 1995) since the shelf drops steeply to 
400 m or more leading to an almost vertical slope (Claro et al., 2001). 
More specifically, the southwestern EEZ encompasses the waters of the 
Yucatan Basin, which has an abyssal plain floor depth of approximately 
4390 m (Maxwell, 1971), while the northwestern EEZ is characterized 
by an abyssal plain surrounded by steep carbonate escarpments of the 
Florida and Yucatan platforms (Yang et al., 2011). The insular slope in 
locations very close to the northwestern coast of Cuba has a depth 
between 1600 and 2000 m (Soto et al., 2012). Besides, it has been re-
ported that the waters near the southeastern Cuba have a depth of 
2400 m on the insular slope and 6800 m beyond the slope (Ewing et al., 
1960). 
The deep sea surrounding Cuba is very important for the biogeo-
graphic processes affecting the biodiversity of the northern Wider 
Caribbean Region (Alcolado et al., 2007). Moreover, this is an im-
portant region for the dispersion of larvae of the spiny lobster Panulirus 
argus (Latreille, 1804) (Pérez-Santos, 2011; Cruz et al., 2015; Martín 
et al., 2017), one of the most important fishing resources in the Car-
ibbean (González and Wehrtmann, 2011). Pelagic larval nursery areas 
exist in the waters surrounding Cuba (see Fig. 6 in Kough et al., 2013). 
These are regions in the open Caribbean Sea where lobster larvae from 
the Caribbean spend much of their planktonic existence before later 
settling into coastal benthic nurseries (Kough et al., 2013). In addition, 
the formation of chlorophyll-a (chl-a) filaments extending from the 
western coast of Cuba to the Gulf of Mexico and the Yucatan Basin after 
the passage of cold fronts, tropical waves, low-pressure systems and 
hurricanes lead to an organic fertilization of the adjacent basins (Pérez- 
Santos et al., 2014; Avila-Alonso et al., 2019). 
Given that the Caribbean Sea and the Gulf of Mexico have different 
biophysical traits, the oceanographic conditions of the EEZ of Cuba are 
spatially heterogeneous. For instance, the southern and northern re-
gions of this EEZ have been classified as different physicochemical re-
gions on the basis of their sea surface clarity, salinity, and temperature 
(Chollett et al., 2012b). This variability of the physical environment 
influences biological processes such as photosynthesis (Chollett et al., 
2012b), resulting in a spatially heterogeneous phytoplankton primary 
production with consequent impacts on regional productivity and fish 
stocks. 
Countries must manage fisheries within their EEZ in order to derive 
indicators for marine ecosystems at the national level (Prescott-Allen, 
2001). Given that fisheries are ultimately linked to the patterns of 
phytoplankton production, several studies have assessed the influence 
of oceanographic variables in general, and primary production (or chl-a 
concentration) of phytoplankton in particular, on fisheries at the EEZ 
level (e.g., Murphy et al., 2001; Domokos, 2009; Dambacher et al., 
2012; Mustapha et al., 2013; de Leo et al., 2014; Barange et al., 2014;  
Watson et al., 2015). The spatial variability of phytoplankton assem-
blages in the waters of the EEZ of Cuba in terms of their biomass, di-
versity and pigment concentration has been reported in literature (e.g.,  
Lugioyo et al., 1999; Lugioyo et al., 2007; de los Reyes et al., 2009; Loza 
and Lugioyo, 2009; Lugioyo and Loza, 2018). However, those studies 
are restricted to specific locations in the EEZ and/or have a limited time 
frame. In general, research on phytoplankton in the Cuban EEZ is scarce 
(de los Reyes et al., 2009), hence insights into the spatio-temporal 
phytoplankton dynamics and the physical oceanographic conditions – 
in general – of this region are lacking. 
In this work we investigate the long-term spatio-temporal varia-
bility of the oceanographic conditions in the waters of the EEZ of Cuba. 
Similar studies have been performed for the Caribbean Sea and the Gulf 
of Mexico (e.g., Müller-Karger et al., 1991; Jury, 2011; Muller-Karger 
et al., 2015); thus, our contribution complements those studies. In 
general, we provide a long-term characterization of the oceanographic 
conditions in an area that has not yet been studied extensively in the 
past and that is complex in terms of its oceanographic variability given 
the confluence of the Caribbean and the Gulf of Mexico waters. More-
over, our study covers a significantly longer period than previous stu-
dies, which enabled us to assess the oceanic response to a recent and 
strong El Niño Southern Oscillation (ENSO) event. Our aim is to provide 
a starting point for future research seeking to combine field and satellite 
data, as well as modelling approaches to advance our understanding of 
the oceanographic dynamics and its influence on fisheries in the Cuban 
EEZ. We first present a brief description of the used methods, including 
the data sets containing the analysed physical, chemical and biological 
variables (Section 2). Next, we present the obtained results (Section 3) 
and a discussion on the retrieved variability of the considered variables 
in general and the analysis of extreme observations of biological vari-
ables in particular (Section 4). 
2. Materials and methods 
2.1. Study area and methodology 
The long-term dynamics of oceanographic variables has been as-
sessed at different spatial scales, such as exclusive economic zones (as 



















Fig. 1. (A) Exclusive Economic Zone (EEZ) of Cuba and the Gulf of Mexico and Caribbean Sea Large Marine Ecosystems. Superimposed is the circulation pattern in 
the region defined by the Caribbean Current (CC), Yucatan Current (YC), Loop Current (LC), Florida Current (FC) and Gulf Stream (GS). (B) Bathymetric map (ETOPO 
1) of the study area with the sectors defined in the EEZ of Cuba. The inner boundary of the EEZ (i.e., the baseline) separates the shallow shelf waters from the deep 
waters. Numbers indicate the four fishery management zones of the Cuban shelf, i.e., (1) Los Colorados Archipelagos, (2) Sabana-Camagüey Archipelagos, (3) Ana 
Maria and Guacanayabo Gulfs and (4) Batabano Gulf. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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biogeographic provinces (Vantrepotte and Mélin, 2011), ocean biomes 
(Henson et al., 2010; Beaulieu et al., 2013), etc. However, data aver-
aged over vast sea areas can obscure a broad range of responses, which 
biases the observed spatio-temporal variability. For instance, LMEs 
encompass a wide variety of marine environments including coastal 
areas from river basins and estuaries to the seaward boundaries of 
continental shelves, enclosed and semi-enclosed seas, and the outer 
margins of the major current systems (Sherman, 1994). Even though 
LMEs are maritime areas delineated on the basis of ecological char-
acteristics, data averaged over their extent obscure a broad range of 
responses. Consequently, it is difficult to derive a climatological sea-
sonal cycle given that, for instance, coastal and oceanic waters can 
follow different patterns of temporal variability. 
Given the characteristics of the Cuban insular shelf (Fig. 1B), the 
marine environment of the EEZ is dominated by deep oceanic waters. 
Thus, spatially averaged data mask a narrow range of oceanographic 
responses (limited to oceanic waters). Several studies in other parts of 
the world have investigated oceanographic variability considering 
spatially averaged data over the entire EEZ (e.g., Amorim et al., 2017), 
but here we aim to investigate oceanographic variability in subregions 
of the Cuban EEZ in order to assess the influence of the Caribbean Sea 
and the Gulf of Mexico waters on the spatially heterogeneous oceano-
graphic conditions of the EEZ. Thus, in agreement with Muller-Karger 
et al. (2015), we divided the study area into four regions of interest 
corresponding to the north, south, west and east part of the EEZ. We 
refer to these regions as the northwest, northeast, southwest and 
southeast sectors of the EEZ (i.e., NWS, NES, SWS and SES, respec-
tively) (Fig. 1B). The NWS, NES, SWS and SES have a mean depth of 
2145, 1447, 3821 and 3399 m, respectively, according to the outputs of 
the ETOPO 1 model (Amante and Eakins, 2009) (Fig. 1B). Although this 
subdivision of the Cuban EEZ is not directly based on oceanographic 
criteria, each sector experiences different conditions associated with 
particular hydrographic regions. In general, the NWS and SWS are in-
fluenced by the Yucatan, Loop, and Florida Currents, while the NES and 
SES are influenced by the surface waters of the North Atlantic sub-
tropical gyre passing through the Windward Passage (Schmitz and 
Richardson, 1991). Moreover, the NWS is characterized by the con-
vergence of the waters of the Caribbean Sea and the Gulf of Mexico, the 
SWS and SES encompass waters of the Yucatan and the northeastern 
Cayman Basins, respectively, while the NES encompasses waters of the 
Old Bahama Channel. A similar approach was followed by Caldeira and 
Reis (2017) to assess the influence of the Gulf Stream and the Azores 
Current on the west, center and east of the Azores Archipelago. 
Similar spatial subdivisions of the deep waters surrounding Cuba 
have been considered earlier to assess the influence of their oceano-
graphic conditions on fishery activities in the shelf waters of Cuba 
(Somoza et al., 2006, 2008). The considered sectors of the EEZ are 
largely associated to the adjacent fishery management zones of the 
Cuban shelf (Puga et al., 2018). Thus, the spatial subdivision of the EEZ 
considered in this work fits the needs of future studies on fishery 
oceanography in the region. Moreover, as illustrated by our results, 
spatially averaged data over the EEZ sectors capture the seasonal and 
long-term variability of the analysed variables. The retrieved spatio- 
temporal variability is consistent with previous reports on Cuba, the 
Caribbean Sea and the Gulf of Mexico in general on the basis of in situ, 
satellite and modelling data. So, assessing the oceanographic variability 
in the EEZ sectors constitutes a reasonable first approach to advance 
our understanding of the spatially heterogeneous oceanographic con-
ditions of the EEZ of Cuba. 
The polygon of the Cuban EEZ was obtained from the Flanders 
Marine Institute (http://www.marineregions.org). This product (ver-
sion 9) excludes territorial waters in general and the EEZ area is cal-
culated from the baseline to offshore. The baselines used by the 
Flanders Marine Institute are a combination of a coastline as a proxy for 
the low-water line and straight or archipelagic baselines (see http:// 
www.marineregions.org/eezmethodology.php for a full description of 
the methodology followed and the data sources used). 
We restricted the time frame of our study to 1998–2017 because 
1998 was the first year for which satellite-derived chl-a concentration 
data were available for the entire year from the Sea-viewing Wide Field- 
of-view Sensor (SeaWiFS). Monthly and corresponding long-term ar-
ithmetic means (i.e., climatologies) were computed for each analysed 
variable within each sector of the EEZ (i.e., temporal and spatial 
means). For those variables that were available at a daily resolution, we 
first computed the monthly mean of each pixel and then applied the 
above-mentioned approach. We calculated standardized anomalies 
(deviations from the climatological monthly mean) to remove the effect 
of seasonality from the time series by subtracting the long-term 
monthly mean from the monthly mean of each variable. Besides, we 
built maps of winter and summer climatology of the analysed variables 
to confirm their seasonal changes in a spatially explicit way. This 
procedure is supported by the fact that the highest seasonal amplitude 
of relevant oceanographic variables in the western Caribbean Sea and 
the Gulf of Mexico have been found between winter and summer 
(González et al., 2000; Muller-Karger et al., 2015). Thus, we divided the 
year into calendar seasons and defined winter as December–February 
and summer as June–August in agreement with the procedure outlined 
by Chollett et al. (2012a). For some variables, we distinguish between 
summer and winter using different colours to highlight the spatial 
variability within the EEZ sectors, while we used the same colour for 
variables with a more homogeneous spatial distribution within each 
sector. 
2.2. Data 
A combination of in situ and remotely sensed measurements enables 
the best characterization of ocean waters (Meyers et al., 2016). Al-
though the former provide data with greater accuracy, there have been 
only a few field campaigns in the EEZ of Cuba. Thus, we used satellite 
observations of oceanographic variables as primary source of data in 
order to provide the first long-term spatio-temporal characterization of 
the oceanographic conditions in the EEZ of Cuba. Long-term variability 
in phytoplankton can be linked to many environmental drivers. Here, 
we focused on variables that reflect the primary coupling between 
physical climate variability and the biological response (Behrenfeld 
et al., 2006; Boyce et al., 2010), such as wind speed, sea surface tem-
perature (SST), sea surface height anomaly (SSHA), mixed layer depth 
(MLD), nutrient concentration, chl-a concentration and net primary 
production (NPP). A similar group of variables was considered to 
characterize the spatio-temporal variability of the central Gulf of 
Mexico (Muller-Karger et al., 2015). 
2.2.1. Wind speed 
We used the Cross-Calibrated Multi-Platform (CCMP, version-2.0) 
monthly gridded ocean vector wind (to a height of 10 m) data produced 
by Remote Sensing Systems (data available at ftp://ftp.remss.com/ 
ccmp/v02.0/). CCMP provides a consistent, gap-free long-term time 
series of ocean surface wind vector fields, as it combines cross-cali-
brated satellite microwave winds, moored buoy and simulated wind 
data to arrive at gridded Level 3 products with a high spatial resolution 
(0.25∘ × 0.25∘) (Atlas et al., 2011). This ocean surface wind product 
incorporates cross-calibrated satellite winds derived from SSM/I, 
SSMIS, AMSR-E, TRMM TMI, QuikSCAT, SeaWinds, WindSat, and other 
sensors. QuikSCAT data have been used before in studies on the Gulf of 
Mexico and the Yucatan Basin showing a good agreement with buoy 
measurements (Sharma and D'Sa, 2008; Pérez-Santos et al., 2010). 
Besides, CCMP data are considered suitable to examine long-term pat-
terns in the Gulf of Mexico (Muller-Karger et al., 2015). 
2.2.2. Sea surface temperature 
We derived monthly mean SST data using the Operational SST and 
Sea Ice Analysis (OSTIA) Reprocessed (1998–2007) and Near Real Time 
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(2008–2017) Level 4 SST daily products (Donlon et al., 2012), provided 
by the Copernicus Marine Environment Monitoring Service (http:// 
marine.copernicus.eu). OSTIA merges both infrared and microwave 
radiometer data, together with in situ observations, and is performed at 
a resolution of 0.05∘ × 0.05∘. The former have a higher spatial re-
solution than microwave radiometers, but are strongly influenced by 
water vapour and cloud contamination (Wentz et al., 2000). In contrast, 
microwave radiometers do not suffer from cloud interference, though 
raindrops can significantly attenuate and scatter microwaves (Wentz 
et al., 2000). Consequently, we argue that merged infrared and mi-
crowave satellite SST data give a more complete insight, since they 
combine the advantages of both data sets (reviewed in Devi et al., 
2015). 
2.2.3. Sea surface height anomaly 
SSHA is the difference between the sea surface height at some point 
in time and a mean sea surface derived from long-term observations 
from satellite altimeters (Muller-Karger et al., 2015). We derived a time 
series of monthly SSHA estimates by using the Salto/DUACS gridded 
multimission altimeter products processed and distributed by the Co-
pernicus Marine Environment Monitoring Service (http://marine. 
copernicus.eu). These interpolated gridded fields have a spatial re-
solution of 0.25∘ × 0.25∘. 
2.2.4. Mixed layer depth 
Given that the MLD is not directly measurable, extensive data sets 
are lacking (both in situ and satellite-sensed data). We used the daily 
MLD data derived from the Systematically Merged Regional Atlantic 
Temperature and Salinity (SMARTS) Climatology adjusted to a two- 
layer reduced gravity model at a spatial resolution of 0.25∘ × 0.25∘ 
(Meyers et al., 2014). These data were provided by the Upper Ocean 
Dynamics Laboratory at the University of Miami Rosenstiel School of 
Marine and Atmospheric Sciences (www.rsmas.miami.edu/groups/upper- 
ocean-dynamics). SMARTS Climatology blends the monthly temperature 
and salinity fields from the World Ocean Atlas 2001 and Generalized 
Digital Environmental Model version 3.0 (Meyers et al., 2014). Its 
outputs for the Gulf of Mexico (including the NWS of the EEZ of Cuba) 
seem to be consistent with in situ observations since they reflect the 
distinguishing oceanographic features of this region (Meyers et al., 
2016). Overall, the mean bias between SMARTS Climatology estimates 
of MLD and in situ observations is −5.7 m (Meyers et al., 2016). Given 
that data in the NES were only available for 2012–2017, we do not 
present the corresponding time series of MLD anomalies. 
2.2.5. Nutrients 
The spatial distribution of primary production across the Caribbean 
Sea and some regions of the Gulf of Mexico has been found to be related 
to the nutrient concentration (Okolodkov, 2003). Specifically, nitrogen 
availability tends to limit phytoplankton productivity throughout much 
of the surface of the low-latitude oceans (Moore et al., 2013), including 
the deep waters surrounding Cuba (Loza et al., 2009). Considering that 
the upward transport of nitrate depends not only on the mixing, but 
also on the depth from which nitrate originates (Omand and 
Mahadevan, 2015), we estimated the nitracline depth. The latter was 
determined following the procedure in Menkes et al. (2016), by iden-
tifying the depth where the concentration of nitrate becomes higher 
than 1 μM. Moreover, the nitracline depth is set to zero if the surface 
nitrate concentration exceeds this threshold. 
For this purpose we initially considered the nitrate profiles data of 
the World Ocean Atlas 2013, version 2 (https://www.nodc.noaa.gov/ 
OC5/woa13/), which is a set of objectively analysed (1∘ × 1∘) clima-
tological in situ nitrate concentrations at standard depths for monthly 
composite periods. However, we found that these data do not appro-
priately capture the seasonal variability of nitrate concentration de-
scribed previously for the waters of the EEZ of Cuba on the basis of in 
situ observations (González et al., 2000; Lugioyo and Loza, 2018). 
Moreover, surface nitrate concentration values were high as compared 
to field reports. This led to shallow estimated climatological nitracline 
depths in most EEZ sectors since many pixels showed a surface nitrate 
concentration higher than or equal to 1 μM (1–3 μM), mainly during 
summer months. Overall, limitations of the World Ocean Atlas data can 
result from their coarse spatial resolution and the fact that there are few 
in situ nitrate profiles available for the waters of the EEZ of Cuba. 
In order to assess the influence of nitrate concentration on phyto-
plankton assemblages in the waters of the EEZ of Cuba, we used si-
mulated data reported in Damien et al. (2018) for the western waters of 
the EEZ. These data were derived from the biogeochemical model 
PISCES (Pelagic Interaction Scheme for Carbon and Ecosystem Studies) 
coupled with the ocean circulation model NEMO (Nucleus for European 
Modelling of the Ocean program) at a spatial resolution of 0.083∘ × 
0.083∘ for the period 2002–2007. The model considers 75 depths that 
are irregularly spaced in the water column (from 1 m near the surface to 
100 m at about approximately 1000 m depth) (for more details see  
Sections 2.1 and 2.2 in Damien et al., 2018). We refer to this model 
configuration as GOLFO12-PISCES in agreement with Damien et al. 
(2018). Although GOLFO12-PISCES provides realistic results for the 
Gulf of Mexico (Damien et al., 2018), the contribution of river discharge 
to the nutrient concentration in the oceanic waters surrounding Cuba is 
not well known because river discharge data are very limited. However, 
given the short length and limited discharge of the Cuban rivers and the 
characteristics of the marine shelf leading to an isolation of the coastal 
waters from the oceanic ones, cross-shelf exchange is generally very 
limited under normal meteorological conditions. On the other hand, 
although hurricanes lead to offshore advection of nutrient-rich coastal 
waters and increased phytoplankton productivity near river mouths, 
the induced blooms near the baseline of the Cuban EEZ last on average 
two weeks (Avila-Alonso et al., 2019) and are therefore generally not 
properly captured by monthly images. Thus, we consider that monthly 
nitrate concentration derived data from GOLFO12-PISCES are suitable 
for our study. We derived the climatological seasonal cycles of surface 
nitrate concentration and the nitracline depth. The latter was estimated 
following the above-mentioned criterion. Moreover, we also assessed 
climatological profiles of nitrate concentration and chl-a concentration 
in order to frame some of our results. 
2.2.6. Chlorophyll-a concentration and net primary production 
We examined trends in both chl-a concentration and NPP, in 
agreement with Henson et al. (2010), Beaulieu et al. (2013), and  
Muller-Karger et al. (2015). Due to the difficulty associated with 
counting of phytoplanktonic organisms and in separating phyto-
plankton carbon from other organic carbon sources, the chl-a con-
centration has been widely used as a proxy for the abundance and 
biomass of oceanic phytoplankton (reviewed in Boyce et al., 2014). 
However, the relationship between chl-a concentration and NPP is non- 
linear because of the complex interplay of light, nutrients and tem-
perature that affects the ratio of phytoplankton carbon to chl-a, a 
phenomenon called photoacclimation (Wang et al., 2009). Besides, 
satellite-based chl-a products reflect surface concentrations, whereas 
NPP is an estimate of the depth-integrated productivity, which limits 
the accuracy of models to derive NPP from satellite data (Henson et al., 
2010). Thus, analysis of both the chl-a and NPP data will allow to draw 
more robust conclusions on the phytoplankton variability. 
In oligotrophic waters, such as most of the EEZ of Cuba (Lugioyo 
et al., 2007), chl-a (and its associated degradation products) is a major 
factor affecting its optical properties (Mélin and Vantrepotte, 2015). 
The deep waters surrounding Cuba are considered as Case 1 waters 
(Matsushita et al., 2012; Mélin and Vantrepotte, 2015) according to the 
classification of Morel (1980). Under such conditions, ocean colour data 
are appropriate for a long-term characterization of chl-a variability 
(Muller-Karger et al., 2015). Monthly mean level-3 chl-a concentration 
data were obtained from the GlobColour project (http://globcolour/ 
info), developed, validated, and distributed by ACRI-ST, France. 
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SeaWiFS and Moderate Resolution Imaging Spectroradiometer (MODIS) 
chl-a data were obtained using the OC4v5 and OC3v5 algorithms 
(NASA R2014 reprocessing), respectively (O’Reilly et al., 2000), at a 
spatial resolution of 0.0417∘ × 0.0417∘. 
Besides, we used the monthly data of euphotic depth-integrated NPP 
obtained from the Vertically Generalized Production Model (VGPM) 
(Behrenfeld and Falkowski, 1997), using the NASA R2014 reprocessed 
chl-a concentration data. This product has a spatial resolution of 0.083∘ 
× 0.083∘ (Amorim et al., 2017). NPP data were accessed through 
Oregon State University's Ocean Productivity website (http://www. 
science.oregonstate.edu/ocean.productivity). The VGPM estimates NPP 
as a function of surface chl-a concentration, changes of the photo-
synthetically active radiation through the euphotic zone, and uses a sea 
surface temperature-dependent description of chlorophyll-specific 
photosynthetic efficiency. Specifically, the standard VGPM describes 
photosynthetic efficiency using a polynomial function whose graph is 
increasing for temperatures below 20∘C and decreasing for tempera-
tures above 20∘ (Behrenfeld et al., 2006) (see https://www.science. 
oregonstate.edu/ocean.productivity for more details). It has been found 
that VGPM leads to similar results as those obtained with two other 
models and field observations in terms of magnitude and spatial dis-
tribution at global scale (including the Oligotrophic North Atlantic 
biome where the EEZ of Cuba is located) (Henson et al., 2010). 
Identifying chl-a concentration and NPP trends requires long data 
records (Henson et al., 2010). The existence of global ocean colour 
coverage since the late 1990s provides an opportunity for assessing the 
existence of trends in phytoplankton abundance. The challenge has 
been to combine the different ocean colour missions to produce a 
consistent time series (Rousseaux and Gregg, 2015). In order to create a 
chl-a concentration and NPP time series spanning from 1998 to 2017, it 
is necessary to combine data of at least two sensors, since the opera-
tional lifetime of most sensors is typically shorter than 15 years (Gregg 
and Casey, 2010; Gregg and Rousseaux, 2014). The oldest chl-a records 
for the concerned period originate from SeaWiFS, which became op-
erational in September 1997 and remained stable until January 2008 
(Beaulieu et al., 2013). Since July 2002 the MODIS sensor on NASA's 
Aqua satellite has been operating. We merged the SeaWiFS (January 
1998–December 2002) and MODIS (January 2003–December 2017) 
monthly anomalies time series for our long-term analysis of the chl-a 
and NPP variability, in agreement with the procedure followed by  
Muller-Karger et al. (2015). SeaWiFS chl-a anomalies were calculated 
by subtracting the monthly climatological value (obtained for SeaWiFS 
chl-a concentration data from 1998 to 2007) from the monthly SeaWiFS 
chl-a data. This procedure was also followed to process the MODIS data, 
considering the chl-a climatological values for the period 2003–2017. 
The same methodology was followed to create the NPP time series. 
Overall, as will be shown in Sections 3 and 4, the range of the ob-
served spatio-temporal variability in this work was largely dictated by 
the resolution of the used datasets. For what concerns the spatial re-
solution, the used satellite products allowed to resolve, for instance, 
mesoscale structures such as eddies, to observe chl-a filaments, plumes 
extending across the Gulf of Mexico, phytoplankton blooms near the 
baseline of the Cuban EEZ as a measure of cross-shelf transport and/or 
river outflows, etc. On the other hand, the considered temporal re-
solution allowed to reveal clear seasonal cycles as well as long-term 
dynamics and decadal trends that are consistent with previous reports 
on other regions of the Caribbean Sea and the Gulf of Mexico. More-
over, given that the assessments of climatologies, interannual varia-
bility, and monthly responses provide first-order estimates of ocean 
properties (Shea et al., 1994), we argue that the used temporal re-
solution allows for a general understanding of the oceanographic 
variability in the region. 
2.3. Statistical methods 
Given that satellite-derived oceanographic data allow for a 
comprehensive analysis of the oceanographic conditions, several au-
thors have used them in order to investigate trends in oceanographic 
variables at global and local scales (e.g., Chollett et al., 2012a; Wernand 
et al., 2013; Muller-Karger et al., 2015; Gregg et al., 2017; Thomsen 
et al., 2017). However, in many cases, possible autocorrelation has not 
been considered, which may bias the ability to accurately detect sig-
nificant trends (Tiao et al., 1990; Weatherhead et al., 1998; Beaulieu 
et al., 2013). Since environmental data are often autocorrelated, spe-
cifically those relating to slower response components such as the ocean 
(Hasselmann, 1976; Beaulieu et al., 2013), it can certainly be expected 
that the successive observations of monthly oceanographic variables are 
not independent (Beaulieu et al., 2013). 
Trend detection can be performed through parametric and non- 
parametric tests. The latter have the advantage that their power and 
significance are not affected by the actual distribution underlying the 
data, while they are suitable for non-normally distributed, outlier, 
censored and missing data, which are frequently encountered in en-
vironmental time series (Asfaw et al., 2018). More specifically, the 
Mann-Kendall (MK) trend test (Mann, 1945; Kendall, 1955) is a dis-
tribution-free test widely employed to detect monotone trends in time 
series of environmental data in general (Hamed, 2009), and remotely 
sensed data in particular (e.g., Wernand et al., 2013; Ban et al., 2016;  
Kourafalou et al., 2017; Alahacoon et al., 2018; Asfaw et al., 2018;  
Bengil and Mavruk, 2018). Its null hypothesis (H0) states that the data 
are independent and identically distributed (Chandler and Scott, 2011). 
In practical applications the rejection of H0 is often taken as evidence of 
a significant trend in a given time series (Blain, 2013). 
We used the MK test at the 0.05 significance level to verify the 
presence of a long-term trend in the time series of the studied ocea-
nographic variables. Taking into account that the MK test is sensitive to 
autocorrelation in the sense that it increases the number of false re-
jections of H0 (Blain, 2013, and references therein), we used the Hamed 
and Rao correction method (Hamed and Rao, 1998; Yue et al., 2002). 
We verified the underlying assumptions of independently distributed 
normal residuals with a constant variance by computing the auto-
correlation function (ACF) at the 0.05 significance level (see Larocque 
et al., 1998). We determined the ACF for the original monthly data of 
each variable and the corresponding anomaly data (after removing the 
seasonal cycle). The standard calculation of the ACF assumes statio-
narity of the time series (Molinero, 1991), so, the presence of a trend 
implies autocorrelation. Hence, we used the Durbin-Watson in-
dependence test at the 0.05 significance level as in Beaulieu et al. 
(2013) to arrive at consistent conclusions on the presence of auto-
correlation in the data. 
The slope of the linear trend (i.e., the linear rate of change) was 
computed according to the Theil-Sen approach (Theil, 1950; Sen, 
1968), where a positive slope indicates an increasing trend. This ap-
proach has been suggested as a potential replacement of ordinary least 
squares linear regression (Fernandes and Leblanc, 2005; Ohlson and 
Kim, 2015). The long-term variability of the analysed variables in the 
sectors of the EEZ of Cuba was assessed through the coefficient of 





where σ and μ are the standard deviation and the spatially arithmetic 
mean value, respectively, of the analysed variable for the corresponding 
sector. In order to check the meaningfulness of the standardization 
method used to merge the SeaWiFS and MODIS chl-a and NPP 
anomalies time series, we computed two homogeneity statistics to en-
sure that an abrupt change in the time series did not occur at the in-
terface of the two data sets. More specifically, we used the Pettitt test 
(Pettitt, 1979) and the Standard Normal Homogeneity Test (SNHT) 
(Alexandersson, 1986) at the 0.05 significance level, since the com-
parison of break points detected by several tests is a good strategy to get 
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more robust results (Toreti et al., 2011). 
In order to assess whether there are differences between the ocea-
nographic conditions among the sectors of the EEZ and consequently 
identify meridional/zonal gradients of spatial variability, we performed 
a Mann-Whitney test (0.05 significance level) to compare spatially 
averaged monthly data of the considered variables. This test was per-
formed because the data was not normally distributed according to 
Kolmogorov-Smirnov and Shapiro-Wilk tests at the 0.05 significance 
level. We consider that meridional gradients account for differences 
between NWS-SWS, NES-SES and/or the northern-southern sectors as a 
whole, while zonal gradients are indicative for differences between 
NWS-NES, SWS-SES and/or the western-eastern sectors as a whole. 
3. Results 
3.1. Autocorrelation and seasonality 
On the basis of the outputs of the ACF analysis and the Durbin- 
Watson test, we found that autocorrelation was significant in both the 
original and the anomalies monthly data, except for monthly wind 
speed anomalies (Fig. 2). Given that the oceanic variables had similar 
autocorrelation coefficients in all EEZ sectors, Fig. 2 shows ACFs for the 
entire EEZ. In contrast, wind speed had different patterns of auto-
correlation in the analysed sectors, but still we showed autocorrelation 
for the entire EEZ in order to illustrate its low values as compared with 
the oceanic variables. The low autocorrelation of wind speed observa-
tions (Fig. 2) suggests that the observed wind speeds in consecutive 
months are typically not similar, which is explained by the fact that the 
involved atmospheric system varies rapidly (Hasselmann, 1976). In-
deed, the near-surface atmospheric circulation of the Wider Caribbean 
Region is highly dynamic with atmospheric circulation types whose 
climatological lifetimes are typically at most 8 days (Chadee and 
Clarke, 2015). In general, the frequency of occurrence of these circu-
lation types varies from month to month (see Fig. 6 in Chadee and 
Clarke, 2015) leading to different monthly atmospheric conditions in 
the Wider Caribbean Region. In contrast, the higher autocorrelation of 
monthly oceanic variables results from the fact that oceans are slow 
response components of the climatic system (Hasselmann, 1976;  
Beaulieu et al., 2013). Although anomalies mitigate the effect of auto-
correlation, all oceanic variables showed a significant autocorrelation 
(Fig. 2B). For example, the autocorrelation coefficient of mean chl-a 
concentration and NPP anomalies over the entire EEZ was 0.45 and 
0.52 at a one-month time lag, respectively, while this was 0.22 and 0.28 
at a two-months time lag, respectively, which still exceeds the con-
fidence band (Fig. 2B). Given that significant autocorrelation was pre-
sent for more than just one-month time lag, the MK test using the 
Hamed and Rao correction method is suitable for trend detection (Chen 
et al., 2016). 
On the other hand, we confirmed the seasonality of the studied 
variables on the basis of the outputs of the ACF analysis. All oceanic 
variables manifested noticeable annual cycles in all EEZ sectors 
(Fig. 2A). However, due to the low values of the autocorrelation coef-
ficients of wind speed (Fig. 2A), it was difficult to discern its season-
ality. Although a maximum value of the autocorrelation coefficient was 
observed at 12-month time lag (i.e., 0.21 (Fig. 2A)) indicating a wind 
speed annual dynamics over the entire EEZ, the low autocorrelation at 
lower time lags does not allow to discern whether there exist subannual 
dynamics as has been reported for other regions of the Caribbean Sea. 
Detection of important peaks can be difficult with ACF since low am-
plitude events of high frequency may appear less important (i.e., have 
Fig. 2. Autocorrelation function (ACF) of the 
monthly mean (A) original data and the corre-
sponding (B) anomaly data over the entire EEZ of 
Cuba during 1998–2017. The shaded horizontal 
bars indicate the confidence band (0.05 sig-
nificance). The dashed vertical lines indicate the 
end of an annual cycle. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this ar-
ticle.) 
Fig. 3. Fourier transform of the monthly mean 
wind speed in the sectors of the EEZ of Cuba. 
Power values are 103. The shaded gray, blue and 
red bars indicate the time scales of one year, six 
and four months, respectively. (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.) 
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lower peaks) than rare high-amplitude events (Vlachos et al., 2005). For 
that reason, we analysed the periodogram of wind speed computed 
using the Discrete Fourier Transform (Fig. 3). The Fourier spectrum was 
computed on the basis of the time series of spatially averaged wind 
speed data for each EEZ sector. We found that periodicity of wind speed 
varies across the EEZ sectors. Overall, the annual time scale was the 
most energetic feature in the southern sectors, while higher harmonics 
at four and six months accounted for the highest energies in the 
northern sectors (Fig. 3). This indicates that the wind regime was more 
dynamic in the northern EEZ sectors than in the southern ones. 
3.2. Wind speed 
The long-term observations of the wind speed showed considerable 
monthly fluctuations (Fig. 4A), though some patterns of variability 
were discerned. In all sectors there was a drop in wind speed in Sep-
tember (3.4–4.1 m s−1), and an increase in November–December 
(5.6–6.5 m s−1). Besides, wind speed peaked in all sectors during the 
spring and summer but in different months. A similar pattern of tem-
poral variability was reported on the basis of in situ observations at 
stations located at the Island of Youth (southwest of Cuba) (Soler-Torres 
et al., 2015). Generally, the entire EEZ is affected by strong winds 
during winter (Fig. 4A and D). In contrast, a moderate wind regime is 
observed in the southern and northwestern sectors in spring–summer, 
while in the NES wind speed reached a maximum value in summer 
comparable with that observed in winter (Fig. 4A, D and E). In general, 
the NES had the highest mean long-term wind speed. When analysing 
the climatological monthly means of both the zonal and meridional 
wind components (Fig. 4B and C), we observed that zonal winds 
dominated the wind speed regime in the study area (Fig. 4B, D and E), 
which agrees with the fact that the Caribbean winds are predominantly 
zonal with an easterly direction year-round (Muñoz et al., 2008). 
Fig. 5 shows the monthly wind anomalies in the sectors of the EEZ of 
Cuba, together with their corresponding trends. Although all of them 
showed an increase in wind speed during the period 1998–2017 
(Table 1), a statistically significant trend (p < 0.05, Table 1) was only 
found for the NES (0.24 m s−1 per decade). This appears to have im-
pacted the trend of the entire EEZ of Cuba because we found that wind 
speed increases significantly (p < 0.05, Table 1) at approximately 
0.15 m s−1 per decade across the EEZ of Cuba as a whole. 
3.3. Sea surface temperature 
The retrieved climatological seasonal SST cycle was consistent 
throughout the EEZ of Cuba (Fig. 6A) in the sense that in all sectors the 
lowest SST were observed in February–March (25.6–26.7∘C) and the 
highest in August–September (29.2–29.9∘C). These results corroborate 
previous ones using data from the Advanced Very High Resolution 
Radiometer (Cerdeira-Estrada et al., 2005; Somoza et al., 2006). The 
lowest mean climatological SST in the waters of the EEZ of Cuba was 
found in the NES and the highest one in the SES (Table 1). In general, 
climatological SST values in the northern sectors were 0.67∘C lower 
than those along the southern EEZ. This difference was larger when 
considering the lowest SST during winter, where the former region was 
0.97∘C cooler than the latter one (Fig. 6B, Table 1). Although a marked 
difference between the SST values of the northern and southern sectors 
was observed during most of the year, the SST values in the NWS in-
creased up to the southern SST values in summer (Fig. 6A and C). At 
this time, the waters of the NES were the coldest ones in the EEZ 
(Fig. 6A and C). Overall, along the northern waters, the SST decreased 
from west to east, and the opposite pattern was observed for the 
southern waters indicating the influence of the warm Caribbean waters 
as was reported in Cerdeira-Estrada et al. (2005). 
The long-term evolution of the SST anomalies showed a gradual 
warming (Fig. 7). This trend was statistically significant (p < 0.05) in 
all sectors (Table 1) and accounted for an increase of approximately 
0.25∘C per decade throughout the entire EEZ, with the highest warming 
occurring in the NWS (0.28∘C per decade) and the lowest one occurring 
in the NES (0.22∘C per decade). However, in general, the decadal SST 
change was relatively homogeneous across the EEZ. The increase in SST 
per decade is consistent with the findings of Dunstan et al. (2018) for 
the waters surrounding Cuba. 
3.4. Sea surface height anomaly 
The obtained seasonal SSHA cycle was similar across the sectors of 
Fig. 4. (A) Wind speed monthly climatology during 1998–2017 and the corresponding (B) zonal and (C) meridional wind components in the four sectors defined in 
the EEZ of Cuba. Long-term mean wind speed in (D) winter (December–February) and (E) summer (June–August) with the wind vector field superimposed. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the EEZ of Cuba (Fig. 8A) and was largely consistent with the one of the 
SST (Fig. 6A). The western sectors of the EEZ of Cuba showed SSHA 
minima in March (−0.001 to −0.017 m) and maxima in September 
(0.084 to 0.099 m), which agrees with the climatological seasonal cycle 
reported for the interior waters of the Gulf of Mexico (Muller-Karger 
et al., 2015). In contrast, the eastern sectors showed minima in April 
(−0.002 to −0.008 m) and maxima in October (0.089 to 0.109 m), 
which is in correspondence with the seasonal cycle reported for the 
Cayman and Venezuela Basins in the Caribbean Sea using altimetry 
data (Torres and Tsimplis, 2012). Although the NWS encompasses the 
waters of the Loop Current and consequently accounts for the asso-
ciated high positive SSHAs, the amplitude of the seasonal cycle in this 
sector was the lowest one in the waters surrounding Cuba (Fig. 8A). 
This results from the fact that spatially averaged data within the NWS 
also comprise the negative anomalies associated with cyclonic eddies 
forming and evolving along the edge of the Loop Current, which have 
Fig. 5. Wind speed monthly anomaly during 1998–2017 in the four sectors defined in the EEZ of Cuba. The red solid line indicates the linear trend inferred on the 
basis of the Theil-Sen estimator. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Table 1 
Trends in satellite-derived variables based on the Theil-Sen estimator and Mann-Kendall test using the Hamed and Rao correction method. Bold values indicate a 
significant trend (p < 0.05) over the period 1998–2017. Mean, range (minimum and maximum values), standard deviation (SD) and coefficient of variation (CV in %) 
of spatially averaged climatological data in each sector of the EEZ of Cuba. SeaWiFS and MODIS data account for the periods 1998–2007 and 2003–2017, re-
spectively.         
Variable Sector Mean Min–Max SD CV Trend  
Wind; m s−1 NWS 4.25 3.31–5.59 0.69 16.25  0.13 
NES 5.38 4.12–6.35 0.56 10.42  0.24 
SWS 5.06 3.88–6.48 0.37 7.29  0.085 
SES 4.91 3.56–6.34 0.41 8.35  0.13 
EEZ 4.89 3.73–6.02 0.51 10.39  0.15 
SST; ∘C NWS 27.64 25.63–29.93 0.31 1.12  0.28 
NES 27.40 25.57–29.36 0.30 1.09  0.22 
SWS 28.12 26.42–29.92 0.14 0.49  0.25 
SES 28.27 26.73–29.93 0.21 0.74  0.23 
EEZ 27.86 26.09–29.70 0.24 0.84  0.25 
SSHA; m NWS 0.036 −0.017 to 0.084 0.140 389  0.032 
NES 0.048 −0.008 to 0.109 0.026 53  0.038 
SWS 0.047 −0.001 to 0.099 0.050 115  0.043 
SES 0.044 −0.002 to 0.090 0.029 67  0.041 
EEZ 0.044 −0.004 to 0.095 0.062 142  0.034 
MLD; m NWS 44.73 25.72–72.75 14.40 32.24  −0.528 
NES 52.15 29.73–83.89 9.20 17.60  −0.436 
SWS 64.02 37.15–103.86 7.22 11.30  −0.084 
SES 52.21 29.13–82.05 6.01 11.52  −0.624 
EEZ 53.46 31.15–86.09 9.14 17.08  −0.487 
Chl-a; mg m−3 
(SeaWiFS, MODIS) 
NWS 0.114, 0.099 0.079–0.173, 0.066–0.156 0.042, 0.061 37.14, 61.81  0.001 
NES 0.118, 0.100 0.088–0.172, 0.073–0.148 0.637, 0.053 53.97, 53.32  0.004 
SWS 0.098, 0.081 0.069–0.145, 0.057–0.123 0.029, 0.025 29.94, 31.66  0.0003 
SES 0.084, 0.072 0.066–0.109, 0.054–0.099 0.020, 0.030 23.52, 41.66  0.0007 
EEZ 0.104, 0.087 0.075–0.149, 0.063–0.132 0.049, 0.045 47.47, 29.50  0.0016 




232.17–381.18, 220.59–378.58 163.85, 148.96 56.51, 51.60  −1.490 
NES 294.86, 
282.92 
230.87–340.01, 220.97–355.13 79.99, 85.98 27.19, 30.43  1.231 
SWS 233.23, 
223.05 
179.17–286.02, 182.49–302.02 22.11, 18.32 9.46, 8.23  −3.207 
SES 226.11, 
215.98 
183.48–256.53, 185.30–261.02 57.34, 55.09 25.33, 25.55  −1.761 
EEZ 261.67, 252.86 207.38–311.75, 202.58–324.19 112.34, 77.03 43.04, 30.39  −0.057    
D. Avila-Alonso, et al.   Journal of Marine Systems 212 (2020) 103416
8
the lowest SSHAs presented in the waters of the Cuban EEZ (see, e.g.,  
Fig. 8B). 
In Fig. 8B and C, winter and summer SSHA climatologies are shown 
at different scales in order to highlight the Loop Current. During winter, 
the anticyclonic core of the Loop Current is near the northwestern coast 
of Cuba (its center is approximately at 24∘N and 87∘W), while it is at the 
interior Gulf of Mexico in summer (its center is approximately at 25.5∘N 
and 86∘W). This largely agrees with the climatological circulation pat-
terns of the Loop Current (i.e., retraction in winter and extension in 
summer) previously reported (Zeng et al., 2015; Delgado et al., 2019). 
This seasonal variability is important since the Loop Current circulation 
patterns are associated with the horizontal entrainment of chl-a rich 
waters to the NWS of the EEZ of Cuba, as will be shown in Section 4.8. 
Fig. 9 shows the monthly SSHA anomalies in the sectors of the EEZ. 
A gradual increase in SSHA can be discerned, which was statistically 
significant (p < 0.05, Table 1) and amounted to 0.031–0.043 m per 
decade. These values are higher than the ones reported for the interior 
Gulf of Mexico (i.e., 0.02–0.03 m per decade) during the period 
1993–2012 (Muller-Karger et al., 2015). The highest increase of the 
SSHA in the analysed 20 years was observed in the southern sectors 
(Fig. 9, Table 1). 
3.5. Mixed layer depth 
The climatological MLD showed a clear seasonal cycle with similar 
variability and phase in all sectors of the EEZ (Fig. 10A). This result is 
consistent with the seasonal cycles reported for the Gulf of Mexico 
(Muller-Karger et al., 2015; Pasqueron de Fommervault et al., 2017). 
All sectors had deepest MLD of about 73–104 m in February, and 
shallowest of 25–49 m from May through August (Fig. 10). In general, 
the highest spatial variability of the MLD over the entire EEZ is ob-
served in winter (Fig. 10B). In contrast, MLDs were particularly uniform 
during summer, where the southern sectors clearly showed the deepest 
climatological MLDs (Fig. 10C, Table 1), which agrees with the seasonal 
spatial variability reported for the Gulf of Mexico (Damien et al., 2018). 
No significant trends of MLD anomalies (p > 0.05) were detected in any 
of the sectors (Fig. 11, Table 1). 
3.6. Nutrients 
Climatological monthly variability of surface nitrate concentration 
showed the presence of a seasonal cycle in the waters of the EEZ 
(Fig. 12A). The highest values are observed in winter and the lowest 
Fig. 6. (A) SST monthly climatology during 1998–2017 in the four sectors defined in the EEZ of Cuba. Long-term mean SST in (B) winter (December–February) and 
(C) summer (June–August). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Fig. 7. SST monthly anomaly during 1998–2017 in the four sectors defined in the EEZ of Cuba. The red solid line indicates the linear trend inferred on the basis of the 
Theil-Sen estimator. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ones in summer, which confirms previous field observations (González 
et al., 2000; Lugioyo and Loza, 2018). The climatological seasonal 
variability of surface nitrate concentration is quite consistent with that 
of the MLD (Fig. 10A). The latter can play a key role in controlling 
nutrient availability in the ocean surface layer (Pasqueron de 
Fommervault et al., 2015) since deepening of the MLD in winter gen-
erally leads to a supply of nutrients to the sea surface when the mixed 
layer reaches the nutrient rich waters. We can observe a large difference 
between winter and summer values of surface nitrate concentration 
(Fig. 12A, C and D). It has been reported that in the NWS of the EEZ, 
winter values of nitrate+nitrite were eight times higher in winter than 
in summer (reviewed by de los Reyes et al., 2009). Taking into account 
the spatial variability of surface nitrate concentration, the NWS had a 
higher values throughout the year than the SWS (Fig. 12A), which 
agrees with field observations (Loza and Lugioyo, 2009; Lugioyo and 
Loza, 2018). The former sector had nitrate concentrations approxi-
mately three times higher than the latter one in winter and seven times 
higher in summer (Fig. 12A, C and D). The climatological seasonal cycle 
of surface nitrate concentration mirrors that of the integrated nitrate in 
the mixed layer (results not shown). For what concerns the nitracline 
depth, we found that it varied moderately with maximum values in 
winter (Fig. 12B). In general, the NWS had a shallower nitracline depth 
than the SWS (Fig. 12B). 
3.7. Chlorophyll-a concentration 
The climatological surface chl-a concentration derived from 
SeaWiFS and MODIS showed a coherent seasonal cycle throughout the 
EEZ (Fig. 13A and B), consistent with the ones reported for the Gulf of 
Mexico using in situ, satellite, and modelling data (Muller-Karger et al., 
2015; Pasqueron de Fommervault et al., 2017; Damien et al., 2018;  
Gomez et al., 2018). This climatological seasonal cycle is consistent 
with that of the MLD and surface nitrate concentration (Figs. 10A, 12A,  
13A and B). In general, the highest climatological chl-a concentration 
occurred in December and January (0.102–0.173 mg m−3 SeaWiFS, 
0.098–0.156 mg m−3 MODIS) and the lowest in June–September 
(0.066–0.098 mg m−3 SeaWiFS, 0.054–0.084 mg m−3 MODIS). The 
northern sectors had the highest climatological chl-a concentration 
throughout the year, exceeding the southern chl-a concentration by 
0.025 mg m−3 for SeaWiFS and 0.023 mg m−3 for MODIS data 
(Fig. 13A and B, Table 1). This difference was larger when considering 
the highest climatological monthly value during winter, since the 
former region exceeded the latter by 0.045 mg m−3 for SeaWiFS and 
0.041 mg m−3 for MODIS data (Fig. 13C and D). 
Fig. 8. (A) SSHA monthly climatology during 1998–2017 in the four sectors defined in the EEZ of Cuba. Long-term mean SSHA in (B) winter (December–February) 
and (C) summer (June–August). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Fig. 9. SSHA monthly anomaly during 1998–2017 in the four sectors defined in the EEZ of Cuba. The red solid line indicates the linear trend inferred on the basis of 
the Theil-Sen estimator. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Overall, the chl-a concentration derived from SeaWiFS and MODIS 
showed comparable temporal variations, but the former was approxi-
mately 0.016 mg m−3 higher (i.e., 17% higher) than the latter 
throughout the EEZ of Cuba over the period 2003–2007 (Fig. 13A and 
B). This difference was the largest in the NES, where the chl-a con-
centration obtained from the first sensor was, in average, 0.02 mg m−3 
higher than from the latter sensor. It has been reported for the Gulf of 
Mexico that the SeaWiFS-derived chl-a concentrations are higher than 
their MODIS estimates when concentrations are very low i.e., < 0.15  
mg m−3 (Muller-Karger et al., 2015). These were the typical climato-
logical chl-a values in the EEZ throughout the entire year (Fig. 13). 
Fig. 14 shows the outputs of the Pettitt and SNHT tests for the 
merged SeaWiFS/MODIS chl-a concentration anomaly time series 
averaged over the entire EEZ of Cuba. From this, we conclude that there 
is no inhomogeneity in the merged time series at the interface of both 
data sets. While the Pettitt test did not indicate a significant break point 
in the analysed time series (Fig. 14, p > 0.05), the SNHT found a sig-
nificant break at May 1998 with a modular shift (μ2 − μ1) of 
0.03134 mg m−3 (Fig. 14, p < 0.05). This can be related to the fact that 
the latter test is sensitive to breaks located at the beginning and the end 
of time series (Martínez et al., 2010; Toreti et al., 2011; Brinckmann 
et al., 2014), while the former is good at in detecting abrupt changes 
when they occur in the center of the time series (Mallakpour and 
Villarini, 2016). On the other hand, the Pettitt test is sensitive to au-
tocorrelation, so erroneous rejections of the null hypothesis (i.e., data 
are homogeneous) can be more frequent than allowed by the sig-
nificance level (Busuioc and Storch, 1996). However, the result of the 
Pettitt statistics indicated the acceptance of the null hypothesis (Fig. 14, 
p > 0.05). A similar result was obtained for the merged SeaWiFS/ 
MODIS NPP time series. 
The merged time series showed no significant trend (p > 0.05) in 
chl-a concentration over time in any of the sectors of the EEZ (Fig. 15,  
Table 1). This result agrees with the absence of such a trend for the Gulf 
of Mexico (Muller-Karger et al., 2015). Besides, the Caribbean Sea and 
Gulf of Mexico (including the EEZ of Cuba) did not show a statistically 
significant trend (p < 0.01) over the period 1997–2007 of SeaWiFS 
data, while seasonality explained most of the chl-a variability in the 
region (Vantrepotte and Mélin, 2011). 
Fig. 10. (A) MLD monthly climatology during 1998–2017 in the NWS, SWS and SES. MLD in the NES represents the monthly mean during 2012–2017. Long-term 
mean MLD in (B) winter (December–February) and (C) summer (June–August). White pixels indicate unavailable data. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
Fig. 11. MLD monthly anomaly during 1998–2017 in three of the four sectors defined in the EEZ of Cuba. The red solid line indicates the linear trend inferred on the 
basis of the Theil-Sen estimator. The shaded vertical bars indicate the MLD deepening at the beginning of 2016. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3.8. Net primary production 
Climatological NPP data indicated the presence of a seasonal cycle 
in the waters of the EEZ (Fig. 16A and B), which was largely consistent 
with the one of the chl-a concentration (Fig. 13A and B). In general, 
surface chl-a concentration and NPP climatologies confirmed the sea-
sonality reported in the northwestern Caribbean Sea and the Gulf of 
Mexico, with highest values during winter and lowest values during 
summer (Figs. 13 and 16) (González et al., 2000; Muller-Karger et al., 
2015; Pasqueron de Fommervault et al., 2017). The highest climato-
logical NPP values were observed mainly in January (261–379 mg C 
m−2 d−1 SeaWiFS; 256–381 mg C m−2 d−1 MODIS) and lowest in 
September (182–222 mg C m−2 d−1 SeaWiFS; 179–235 mg C m−2 d−1 
MODIS) (Fig. 16A and B). Overall, the NPP obtained using SeaWiFS is 
higher (by 8 mg C m−2 d−1, i.e., 1.7% higher) than the one obtained 
from MODIS. This difference was the largest in the NES, where the NPP 
derived from the former sensor was 12 mg C m−2 d−1 higher than that 
derived from the latter one. 
NPP values in the NWS sector were quantitatively similar to those 
reported for the southeastern area of the Gulf of Mexico, which were 
the lowest records found for the period 2003–2010 in this LME (see  
Fig. 7 in Muller-Karger et al., 2015). Still, the climatological NPP values 
were 63 and 67 mg C m−2 d−1 higher for SeaWiFS and MODIS data, 
respectively, than those along the southern EEZ. This evidences the low 
Fig. 12. (A) Surface nitrate concentration 
and (B) nitracline depth monthly climatology 
during 2002–2007 in the NWS and SWS. 
Long-term mean surface nitrate concentration 
in (C) winter (December–February) and (D) 
summer (June–August). White contour lines 
in (D) are superimposed. White pixels in-
dicate unavailable data. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.) 
Fig. 13. Chl-a concentration monthly climatology in the four sectors defined in the EEZ of Cuba derived from (A) SeaWiFS (1998–2007) and (B) MODIS (2003–2017) 
data. Long-term mean chl-a concentration in (C) winter (December–February) and (D) summer (June–August) for the period 2003–2017 (MODIS retrievals). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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phytoplankton productivity of the waters surrounding Cuba, which are 
influenced by the oceanographic conditions of the Caribbean Sea. 
During the first quarter of the year, the western sectors had higher NPP 
values than the eastern ones. However, this pattern changed for the 
second quarter of the year (i.e., the summertime) (Fig. 16A and B). 
Besides, a slight NPP increase occurred in June and July in the NES (for 
SeaWiFS and MODIS data, respectively), while this occurred in June in 
the SES (for both sensors) (Fig. 16A and B). As for the chl-a con-
centration, there was no significant trend (p > 0.05) in NPP in any of 
the sectors (Fig. 17, Table 1). 
3.9. Extreme chlorophyll-a concentration and net primary production 
observations 
For what concerns the chl-a concentration time series, we observed 
that, in almost all sectors, the highest positive anomalies occurred at 
the beginning of 1998 (March) and 2016 (February) (gray-shaded 
vertical bars in Fig. 15). Those anomalies were also important in the 
chl-a concentration time series averaged over the entire EEZ (Fig. 14), 
with chl-a concentration anomalies of 0.044 and 0.046 mg m−3 in 
March 1998 and February 2016, respectively. This agrees with the 
findings of Somoza et al. (2008), who also found high chl-a con-
centration anomalies at the beginning of 1998 in the waters sur-
rounding Cuba. For what concerns the NPP time series, high positive 
anomalies were mainly observed at the beginning of 1998 with 
anomalies of 84 mg C m−2 day−1 over the entire EEZ (Fig. 17). In 
contrast, a high NPP anomaly in February 2016 was only observed in 
the NWS (Fig. 17). The higher NPP anomalies in March 1998 than in 
February 2016 result from the fact that the chl-a data in March 1998 
were obtained from the SeaWiFS-derived chl-a concentration, which is 
typically higher than MODIS-derived chl-a concentration. In order to 
visually compare the chl-a concentration response during the blooms of 
1998 and 2016 in a spatially explicit way and keeping in mind that 
these observations are derived from different sensors, we applied a 
correction method to remove the differences between SeaWiFS and 
MODIS estimations of chl-a concentration. Thus, the climatological 
value in which chl-a concentration data derived from SeaWiFS were 
higher than those derived from MODIS in March throughout the entire 
EEZ of Cuba (i.e., 0.028 mg m−3) was subtracted from the SeaWiFS chl- 
a image of March 1998. It follows that the 2016 bloom was more in-
tense and extended over a considerable portion of the EEZ (Fig. 18A 
and B) as compared with that of 1998. 
When analysing the MLD time series, also high positive anomalies 
occurred in January–February 2016, while no evidence of considerable 
mixed layer deepening was observed at the beginning of 1998 (Fig. 11). 
Given the strong autocorrelation of the MLD values at a one-month time 
lag throughout the entire EEZ (i.e., ACF = 0.82), we analysed the MLD 
of both the month when the chl-a concentration increase was observed 
and the previous one (Fig. 18C–F), which influenced the mixing pro-
cesses of the following month and therefore the chl-a concentration and 
NPP observed responses. Indeed, January 2016 was characterized by 
the deepest MLD across the entire study period, i.e., 96, 113 and 94 m 
in the NES, SWS and SES, respectively. The deepest value in the NWS 
occurred in February 1999 (i.e., 83 m), while in February 2016 the MLD 
reached a depth of 80 m. Even though the mixed layer in February 2016 
was thinner than the one in January 2016, the latter still showed a 
considerable vertical extension (Fig. 18D and F). In contrast, in Feb-
ruary 1998, the mixed layer was thinner than at the beginning of 2016, 
though it was thicker than in March 1998, when a high chl-a response 
was found (Fig. 18C and E). 
3.10. Spatio-temporal variability 
Most variables showed significant differences (p < 0.05) between 
summer and winter at a climatological scale in all sectors of the EEZ, 
except wind speed in the NES (p > 0.05). This sector was exposed to 
intense winds during both seasons given the subannual dynamics in the 
area. Moreover, almost all variables showed a positive linear relation-
ship between their mean and the standard deviation (i.e., the higher the 
mean, the higher the standard deviation) (Supplementary Figs. 1, 3–6), 
which agrees with the findings of Muller-Karger et al. (2015) for the 
Gulf of Mexico (see Figs. 2 and 5 for examples in Muller-Karger et al., 
2015). Only SST showed a negative relationship resulting in a higher 
dispersion of its values during wintertime (Supplementary Fig. 2). 
Fig. 14. Chl-a concentration anomaly time series averaged over the entire EEZ 
of Cuba derived from SeaWiFS (1998–2002) and MODIS (2003−2013) data. In 
blue the output of the Pettitt test, in green the output of the SNHT, between 
parenthesis the month of shift. The vertical solid line indicates the SeaWiFS/ 
MODIS switch in December 2002/January 2003. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
Fig. 15. Chl-a concentration monthly anomaly in the four sectors defined in the EEZ of Cuba derived from SeaWiFS (1998–2002) and MODIS (2003–2017) data. The 
red solid line indicates the linear trend inferred on the basis of the Theil-Sen estimator. The shaded vertical bars indicate the chl-a increments at the beginning of 
1998 and 2016. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Although some variables varied considerably around the climatological 
mean (e.g., SSHA and NPP in the NWS and chl-a in the northern sectors 
(Supplementary Figs. 3, 5 and 6)), the latter statistic still captured a 
consistent temporal evolution of the concerned variables. We consider 
that the high standard deviation values are not due to a few extreme 
observations but rather to the natural oceanographic variability in the 
region, which is strongly influenced by the Loop Current dynamics. 
Due to the high standard deviation values of the above-mentioned 
variables, they showed the highest variability in the study area (see 
their CV values in Table 1). Given that the CV is a percentage, it can be 
used to compare the dispersion level of two different variables. Al-
though SSHA showed the highest temporal fluctuations over the entire 
EEZ (Table 1), its spatial variability was limited since only significant 
differences (p < 0.05) were found when comparing the NWS with the 
adjacent ones (Table 2). This results from the notable dynamics of the 
Loop Current which leads to extreme records of SSHAs in the NWS of 
the Cuban EEZ. On the other hand, also chl-a concentration and NPP 
showed a high variability in the northern waters of Cuba (Table 1). The 
biological response in this region was influenced by both vertical 
(mixing and upwelling) and horizontal mechanisms (advection of 
productive waters from the Gulf of Mexico (NWS) and coastal waters 
(NES)), as will be discussed later. 
Besides, we found that the NWS showed the highest variability of all 
analysed variables (Table 1). Moreover, when comparing the oceano-
graphic conditions among the EEZ sectors, we found statistically sig-
nificant meridional gradients because most variables showed significant 
differences (p < 0.05) between the northern and southern sectors 
(Table 2). On the contrary, only wind speed showed both significant 
(p < 0.05) meridional and zonal gradients (Table 2). The latter was 
caused by the differences between the wind regimes in the NWS and 
NES. 
4. Discussion 
4.1. Wind speed 
The obtained climatological seasonal cycles of wind speed in most 
sectors of the EEZ of Cuba do not show a good agreement with the ones 
reported for the Gulf of Mexico and the Caribbean Sea. For what con-
cerns the former LME a clear and consistent seasonal cycle, with 
Fig. 16. NPP monthly climatology in the four sectors defined in the EEZ of Cuba derived from (A) SeaWiFS (1998–2007) and (B) MODIS (2003–2017) data. Long- 
term mean NPP in (B) winter (December–February) and (C) summer (June–August) for the period 2003–2017 (MODIS retrievals). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this article.) 
Fig. 17. NPP monthly anomaly in the four sectors defined in the EEZ of Cuba derived from SeaWiFS (1998–2002) and MODIS (2003–2017) data. The red solid line 
indicates the linear trend inferred on the basis of the Theil-Sen estimator. The shaded vertical bars indicate the NNP increments at the beginning of 1998 and 2016. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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minima in August and maxima from November to February was re-
ported (Muller-Karger et al., 2015). In contrast, the seasonal variability 
of wind speed in the Caribbean Sea is a semi-annual cycle, with two 
maxima (June–July and January–February) and two minima (October 
and May) (Wang, 2007; Muñoz et al., 2008; Chang and Oey, 2013). 
However, the obtained climatological seasonal cycles for the waters 
surrounding Cuba still reveal some of the general traits of the Gulf of 
Mexico and the Caribbean Sea. For instance, the temporal variability of 
wind speeds observed in the NWS of the EEZ agrees with studies 
reporting weaker winds in summer than in spring in the Gulf of Mexico 
(de Velasco and Winant, 1996; Muller-Karger et al., 2015). On the other 
hand, high wind speed values have been reported in July in the Central 
Antilles region (Jury and Chiao, 2011). Specifically, Jury and Chiao 
(2011) reported maximum values of approximately 7 m s−1 in north-
eastern Cuba at this time, which is largely consistent with the maximum 
wind speed in the NES of the EEZ (Fig. 4A). Wind speed peak magni-
tudes in July in the Caribbean region are related to the westward ex-
pansion and strengthening of the North Atlantic subtropical high 
(Wang, 2007; Cook and Vizy, 2010). 
On the other hand, it has been reported that the annual cycle of 
surface wind in the Yucatan Basin (south of Cuba) shows different 
features than the Caribbean wind regime (Pérez-Santos et al., 2010). 
The highest wind stress (which proportionally accounts for wind speed 
records, see Eq. (1) in Pérez-Santos et al., 2010) in the Yucatan Basin is 
observed in June as a consequence of the Caribbean low-level jet, while 
the highest wind stress occurs during November presumably due to the 
collapse of the Atlantic Warm Pool (Pérez-Santos et al., 2010). This 
pattern of variability is similar to the one of the wind speed in the SWS. 
The increase in wind speed in November was also observed over the 
entire EEZ of Cuba, although the highest values occurred in the SWS 
(Fig. 4A). In general, climatological zonal and meridional monthly 
winds in all sectors (Fig. 4B and C) agree with the ones reported for the 
Fig. 18. Chl-a concentration (A and B) and MLD (CeF) response at the begging of 1998 (left panel) and 2016 (right panel). Chl-a concentration in (A) represents the 
difference of SeaWiFS data and the climatological amount (i.e., 0.028 mg m−3) in which this sensor overestimates the MODIS data in March in the entire EEZ of 
Cuba. White pixels indicate unavailable data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
Table 2 
Assessment of spatial variability of the oceanographic conditions between the 
sectors of the EEZ of Cuba in the period 1998–2017 considering the Mann- 
Whitney test p-value (0.05 significance level). Bold values indicate significant 
differences.         
Sectors Wind SST SSHA MLD chl-a NPP  
N-S   < 0.05   < 0.05  0.365   < 0.05   < 0.05   < 0.05 
NWS-SWS   < 0.05   < 0.05   < 0.05   < 0.05   < 0.05   < 0.05 
NES-SES   < 0.05   < 0.05  0.416  0.871   < 0.05   < 0.05 
W-E   < 0.05  0.635  0.133  0.652  0.359  0.301 
NWS-NES   < 0.05  0.079   < 0.05   < 0.05  0.227  0.690 
SWS-SES  0.127  0.183  0.766   < 0.05   < 0.05  0.630    
D. Avila-Alonso, et al.   Journal of Marine Systems 212 (2020) 103416
15
Yucatan Basin (Pérez-Santos et al., 2010). The high wind speed at the 
end of the year (Fig. 4A) results from the combined effects of both zonal 
and meridional winds (Fig. 4B and C), which intensify because of the 
influence of cold front systems (Pérez-Santos et al., 2010). 
Studies over the global ocean identified increasing surface wind 
speeds in the periods 1991–2008 (Young et al., 2011) and 1988–2011 
(Zheng et al., 2016), and specifically in the Gulf of Mexico in 
1987–2011 (Muller-Karger et al., 2015). In contrast, it has been re-
ported that zonal winds in the Caribbean Sea did not change much 
during the 20th century (Jury, 2011), while no significant trends in 
regions surrounding Cuba (see Fig. 4 in Torralba et al., 2017) have been 
reported on the basis of three global meteorological reanalysis data sets 
from 1958 to 2017, which corroborates our results. 
4.2. Sea surface temperature 
The high climatological SST in the NWS during June–August 
(Fig. 6A and C) is associated with the spatially homogeneous increase of 
SST during summer in the Gulf of Mexico and the northwestern Car-
ibbean Sea (Zavala-Hidalgo et al., 2002; Cerdeira-Estrada et al., 2005). 
After winter (from March to May), strong north–south gradients of SST 
have been observed in the Gulf of Mexico (Zavala-Hidalgo et al., 2002). 
However, during summertime the entire gulf has almost the same SST 
making the Loop Current indistinguishable in SST satellite images due 
to weak thermal contrast (Zavala-Hidalgo et al., 2002; Delgado et al., 
2019). The Gulf of Mexico and the Caribbean Sea are part of the 
Atlantic Warm Pool, i.e., the large body of warm waters (> 28.5∘C) 
extending through the Gulf of Mexico, the Caribbean Sea, and the 
western tropical North Atlantic during the summer and fall (Wang, 
2007). Waters warmer than 28.5∘C appear in the ocean surrounding 
Cuba in June, while in July these warm waters are well developed in 
the Gulf of Mexico reaching maximum temperatures in August (Wang, 
2007). Then, by September, the warm pool expands into the southern 
Caribbean Sea, while the waters in the Gulf of Mexico cool slightly 
(Wang, 2007). This explains the lower climatological SST value in the 
NWS in September as compared to those of the southern sectors 
(Fig. 6A). In general, the expansion and intensification of the Atlantic 
Warm Pool in summer is related to the surface heat and radiative fluxes 
at this time (Wang and Enfield, 2003; Misra et al., 2009). 
The NES sector had the coldest waters in the EEZ in summer (Fig. 6A 
and C). These low SST values can be determined with offshore transport 
of cool coastal waters and wind-driven upwelling events. It has been 
reported that the northeastern coastal waters of Cuba have a lower SST 
than the adjacent oceanic waters (Cerdeira-Estrada et al., 2005). In 
summer, the most intense climatological easterly winds occur in the 
NES (Fig. 4E). At this time, winds blow along some segments of the 
northeast coast (Fig. 4E), which can lead to offshore displacement of 
coastal waters and coastal upwelling of cool and nutrient rich deep 
waters. Fig. 19 shows a patch of low SST values along the northeast 
coast of Cuba during summertime and an increased chl-a in the sur-
rounding area, which indicate the occurrence of offshore transport of 
cool coastal waters and/or upwelling events. Given that the northeast 
coast of Cuba is relatively understudied, there are no previous ob-
servations to corroborate the ideas mentioned above. However,  
Kourafalou et al. (2017) reported the occurrence of low temperatures 
and filaments of high chl-a concentration advected offshore under up-
welling-favorable wind conditions in summer along the northwest coast 
of Cuba. 
The statistically significant warming of the surface ocean in the EEZ 
of Cuba is consistent with observations of a gradual increase of mean 
global upper ocean temperature over the last decades in general (Large 
and Yeager, 2012; Roemmich et al., 2012), and in the Caribbean Sea 
and Gulf of Mexico in particular (Jury, 2011; Chollett et al., 2012a;  
Muller-Karger et al., 2015). A recent analysis of the inter-annual SST in 
the Florida Strait (encompassing the NWS of the EEZ of Cuba) showed a 
clear SST rise from autumn 2013 to the end of 2016 (Kourafalou et al., 
2017). The SST trend we found for the waters of the entire EEZ of Cuba 
(i.e., 0.25∘C per decade) confirms the findings of Chollett et al. (2012a), 
who reported warming rates of 0.27∘C per decade for the Wider Car-
ibbean Region over the period 1985–2009. 
4.3. Sea surface height anomaly 
We found that the SSHA rose at near-global rates as was reported for 
the Caribbean Sea during the period 1958–2007 (Jury, 2011). Satellite 
altimetry observations have indicated a global mean sea-level rise of 
about 3.2 ± 0.8 mm per year (i.e., 0.032 m per decade) between 1992 
and 2010 (Leuliette and Willis, 2011). The global mean sea-level rise 
inferred from tide-gauge records alone was 2.8 ± 0.8 mm per year (i.e., 
0.028 m per decade) for the period of 1993–2009, which is not sig-
nificantly different from the values obtained through satellite altimetry 
(Church and White, 2011). Given the existing relationship between 
SSHA and the thermal structure of the ocean, our results suggest that 
the increase in SSHA (Fig. 9) in the EEZ of Cuba during 1998–2017 is 
linked to the increase of the SST (Fig. 7). This agrees with the findings 
of Muller-Karger et al. (2015) and Jury (2011) for the Gulf of Mexico 
and the Caribbean Sea, respectively. In addition, the observed increase 
of the SSHA in the waters of the EEZ is consistent with the sea level rise 
reported in the coastal zones of Cuba (González and Lovaina, 2009;  
Piñeiro Soto and Cobas Gómez, 2010). 
The significant linear trends of SST and SSHA cannot be attributed 
unequivocally to the impact of global warming, since a climate change 
Fig. 19. (A) SST and (B) chl-a concentration in the eastern EEZ of Cuba (August 2011). The red circles and blue square in (B) indicate the location of river mouths 
(from west to east: Sagua and Toa rivers) and the Sagua de Tánamo Bay, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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trend may be present in the data in addition to the natural variability. 
The former refers to long-term changes driven by a persistent anom-
alous forcing (i.e., global warming), while the latter indicates inter- 
annual, decadal or multi-decadal variability driven by an oscillatory or 
transient physical forcing (e.g., ENSO events) (Henson et al., 2010). 
Some studies have specified minimum requirements for climate change 
trend detection, such as approximately 40 years to detect significant 
SST trends in regions north of Cuba (Chollett et al., 2012a) and 60 years 
for determining sea level rise (Douglas, 1997). Thus, given the rela-
tively short length of the used satellite time series, the decadal varia-
bility is of a greater, or similar, magnitude than the climate change 
trend (Henson et al., 2010). 
4.4. Mixed layer depth 
In situ observations of the MLD in the waters of Cuba are scarce and 
most of them were made in cruises decades ago. Still, on the basis of 
field observations during the years 1988 and 1989, it was reported that 
the mean summer mixed layer south of Cuba was 40 m, while this was 
110 m in winter (González et al., 2000). We found that the summer 
climatological value of the MLD for the southern sectors was approxi-
mately 42 m, while this was 90 m in winter. The obtained climatolo-
gical MLD during summer is deeper than that found in almost all areas 
of the Gulf of Mexico (Muller-Karger et al., 2015). However, a slightly 
deep summer MLD (approximately 30 m) in the southeastern Gulf of 
Mexico was reported (Muller-Karger et al., 2015), which agrees with 
the obtained climatological MLD in the NWS of the EEZ of Cuba (i.e., 
29 m). Although the southeastern Gulf of Mexico has the deepest MLD, 
it is still the shallowest one for the waters of the EEZ of Cuba (Fig. 10). 
This result confirms that the Caribbean mixed layer is relatively thick 
with summer values of about 50 m depth (Aguirre Gómez and Salmerón 
García, 2015). 
4.5. Chlorophyll-a concentration and net primary production 
The observed spatial variability of the chl-a concentrations across 
the sectors of the EEZ agrees with previous reports using data from the 
Coastal Zone Colour Scanner for the period November 1978–July 1986 
(González et al., 2000). For the waters to the west and east of Cuba, an 
annual mean chl-a concentration of 0.09 and 0.07 mg m−3, respec-
tively, was reported on the basis of in situ observations (González et al., 
2000). We obtained for the western and eastern sectors of the EEZ an 
annual mean chl-a concentration of 0.095 and 0.08 mg m−3, respec-
tively. Moreover, our results agree with the ones of González et al. 
(2000) since immediately south of Cuba, chl-a concentration and NPP 
showed a slight increase from east to west and from south to north 
because of the influence of the Caribbean waters. 
The highest climatological chl-a concentration and NPP in the NES 
(Table 1) are related to its limited oceanic area and long coast line. 
Thus, coastal blooms contributed to the high reported values of chl-a 
concentration and NPP. Specifically, we observed that coastal chl-a 
concentration increased considerably in this sector in 47 months of the 
series of SeaWiFS and MODIS images. Some of them occurred in 
summer, which explains the climatological increases of the chl-a con-
centration and NPP during this period (Figs. 13 and 16). Overall, this 
increased biological response can be traced back to wind-driven up-
welling events occurring during summer (Section 4.2) and with cross- 
shelf transport due to an increase of river discharge during the rainy 
season. This reasoning is supported by the fact that an augmented 
primary production during the rainy season (i.e., June–October) has 
been reported earlier along the north coast of Cuba (Okolodkov, 2003).  
Fig. 19B shows the location of river mouths and the Sagua de Tánamo 
Bay along the northeast Cuban coast and an increased chl-a con-
centration in their proximity, which supports our hypothesis. 
4.6. Mixed layer depth, chlorophyll-a concentration and net primary 
production relationship 
Annual cycles of phytoplankton blooms in the surface mixed layer of 
the ocean are a consequence of imbalanced rates of phytoplankton di-
vision and loss (accounting for grazing, mortality, and sinking out of the 
mixed layer) (Behrenfeld and Boss, 2018). A prolonged excess of divi-
sion over loss yields a bloom and this has been related with the nutrient 
enrichment of the oceanic surface layer due to deep winter mixing 
(Behrenfeld and Boss, 2018). In tropical and subtropical regions phy-
toplankton growth is nutrient-limited. Thus, chl-a concentration and 
NPP increase when the mixed layer deepens and nutrient-rich deep 
waters are mixed with surface oligotrophic waters. In this case, the 
monthly mean chl-a concentration and MLD are positively correlated 
(Muller-Karger et al., 2015; Racault et al., 2017). We found that both 
chl-a concentration and NPP have seasonal cycles that are quite syn-
chronised with that of MLD (Fig. 20). Bioassay experiments performed 
in the oligotrophic subtropical North Atlantic Ocean found a significant 
increase of inorganic carbon fixation and chl-a (1.5–2 fold higher than 
control treatments) 48 h after the addition of nitrogenous compounds 
(Moore et al., 2008). In agreement, a similar study performed in the 
Gulf of Mexico found that the mean chl-a concentration increased by 
106–178% (relative to chl-a at start of the bioassay) 48 h after nitrogen 
addition (Zhao and Quigg, 2014). This demonstrates the rapid phyto-
plankton response to nutrient enrichment which can explain, in part, 
the coupled periodicity of the chl-a, NPP and MLD times series (Fig. 20). 
Fig. 20 shows that the chl-a concentration and NPP responses are 
temporally and spatially heterogeneous in the western waters of Cuba. 
Though phytoplankton blooms are clearly associated with vigorous 
Fig. 20. MLD, chl-a concentration and NPP time series of the NWS and SWS in the EEZ of Cuba for the period 2003–2017 (MODIS retrievals). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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winter mixing, a wide range of surface chl-a concentration and NPP 
values accompany any given MLD as was reported for the North 
Atlantic subtropical gyre (Lozier et al., 2011). In general, the NWS 
showed higher chl-a concentration and NPP values for shallower MLDs 
as compared with the SWS (Fig. 20). The deepening of the mixed layer 
in winter affects the distribution of oceanic nutrients. It effectively in-
duces entrainment but to uplift nutrients, the MLD needs to reach the 
nutrient-rich waters (Damien et al., 2018). It has been reported that, 
although the mixed layer in winter is sufficiently deep to reach the deep 
chlorophyll maximum (DCM) in many regions of the Gulf of Mexico, 
this is generally not deep enough to reach the nitracline (Pasqueron de 
Fommervault et al., 2017; Damien et al., 2018). Consequently, the 
supply of nutrients into the surface layer is limited and phytoplankton 
productivity is moderately increased (Pasqueron de Fommervault et al., 
2017; Damien et al., 2018). This is the case for the western waters of the 
EEZ of Cuba, since we found that, at a climatological scale, MLDs were 
shallower than the nitracline depths (Figs. 10A and 12B). The com-
parison between the GOLFO12-PISCES-derived nitracline depth and the 
SMARTS Climatology-derived MDL was performed under the premise 
that, at the climatological scale, both models generate similar MLD 
values (p < 0.05) in the western sectors of Cuban EEZ. 
Even though the MLD is generally not able to reach the nitracline 
depth, it is likely that a small amount of nutrients is eventually supplied 
to the surface (Damien et al., 2018). The vertical supply of nutrients to 
the upper ocean is influenced by both the depth and the slope of the 
nitracline (Omand and Mahadevan, 2015). Hence, a shallower nitra-
cline depth and a larger nutrient gradient below the mixed layer result 
in a larger upward nutrient flux (Zhang et al., 2017) and, consequently, 
an enhanced surface biological response. We found that at a climato-
lological scale, the spatially averaged nitracline depth in the NWS in 
winter was shallower (96 m) than in the SWS (103 m). Besides, the 
former sector has a somewhat steeper nitrate gradient from a depth of 
approximately 150 m as compared to the latter one (Fig. 21A). On the 
other hand, the shallow MLDs in the northwestern waters of Cuba can 
favour their surface biological productivity. A shallower MLD implies 
that cooler and nutrient-richer waters are closer to the surface. Thus, 
winter mixing can ease transport of these deep nutrient-rich waters to 
the upper ocean. In contrast, the water columns in the Caribbean Sea 
and subtropical areas in general are warm up to great depths and have 
deep MLDs and a weak subsurface stratification (Shay et al., 2000;  
Meyers et al., 2016). These characteristics indicate oceanic conditions 
that are relatively insensitive to atmospheric forcing (Lloyd and Vecchi, 
2011). Thus, very strong winds are needed in order to considerably 
enhance vertical transport of nutrient and/or chl-a from the deep water 
column to the surface. 
Furthermore, the vertical distribution of the chl-a concentration is 
an important factor influencing the surface chl-a concentration since 
deep chl-a can be mixed in the upper ocean in winter. Currently, the 
widely used climatology of vertical profiles of chl-a concentration is 
published in the World Ocean Database (Sauzède et al., 2015). How-
ever, the use of this climatology is limited by the lack of in situ ob-
servations (Sauzède et al., 2015). For the waters surrounding Cuba, 
only a very limited number of chl-a profiles from the World Ocean 
Database are available. For that reason, we used the climatological chl- 
a concentration profiles computed with the GOLFO12-PISCES model 
(Damien et al., 2018). Fig. 21B shows a limited variability between the 
NWS and SWS profiles in the first 25 m of the water column in summer. 
At this time, the presence of a DCM is observed at a shallower depth in 
the NWS (77 m) than in the SWS (87 m). From 25 m depth up to the 
depth of the DCM, the chl-a concentration was higher in the former 
sector than in the latter one. In contrast, in winter, chl-a concentration 
values are more homogeneous near the surface in agreement with in 
situ data for the entire Gulf of Mexico (Pasqueron de Fommervault 
et al., 2017). At this time, chl-a concentration profiles showed higher 
values in the northern waters as compared to the southern ones. During 
winter, wind-driven mixing can transport the chl-a rich deep waters to 
the surface. This is expected to be more pronounced in the NWS since a 
higher chl-a concentration closer to the surface was found in this sector 
than in the SWS (Fig. 21B). 
Besides the vertical displacement of nitrate and biomass, the hor-
izontal advection of chl-a from remote regions of the Gulf of Mexico to 
the NWS (mediated by the Loop Current as will be shown in Section 
4.8) contributed to the higher chl-a concentration and NPP values in 
this sector than in the SWS. For instance, increases in nutrient con-
centration have been documented in the Florida Strait and were asso-
ciated with a Mississippi River plume when entrained in the Loop 
Current circulation (Hu et al., 2005). On the other hand, nitrogen-rich 
nutrients are advected to the oligotrophic deep Gulf of Mexico from the 
Yucatan Shelf northern margin (Estrada-Allis et al., 2019). This export 
is related to advection by the Yucatan Current (Estrada-Allis et al., 
2019). Moreover, given the narrow marine shelf of the NWS and the 
winds sweeping along its coastline, nutrient enrichment is reinforced by 
Ekman currents that favour the transport of nutrient-rich upwelled 
coastal waters to the adjacent oceanic waters (reviewed in Lugioyo and 
Loza, 2018). Overall, it has been demonstrated that both vertical and 
horizontal nutrient advection strongly impacts chl-a fluctuations (Dave 
and Lozier, 2015). The NES and SES showed similar patterns of surface 
chl-a, NPP and MLD variability as those of the NWS and SWS, respec-
tively (results not shown). 
The absence of a significant trend of the MLD anomalies in the EEZ 
agrees with the findings reported for the Gulf of Mexico (Muller-Karger 
et al., 2015). This also explains the lack of long-term changes in chl-a 
concentration and NPP in the EEZ of Cuba. Generally, the ocean surface 
warming has been associated with an increased stratification and 
shallower mixed layers, which in turn limit vertical nutrient fluxes and 
surface phytoplankton biomass (Lewandowska et al., 2014). However, 
stratification is not unequivocally intensifying, and MLD is not de-
creasing, despite substantial surface ocean warming (Somavilla et al., 
2017). Although SST has been used as a proxy for the vertical extension 
of the surface mixed layer, MLD changes cannot be solely related to 
those of SST (Carton et al., 2008; Somavilla et al., 2017, and references 
therein). Thus, the temperature balance within the mixed layer in the 
study area appears to be governed by additional factors. Alternatively, 
Fig. 21. (A) Climatological nitrate and (B) chl-a concentration profiles in 
winter (December–February) and summer (June–August) during 2002–2007 in 
the NWS and SWS. The small graphic in (A) shows the nitrate profiles in the 
upper ocean layer using a more fine scales in order to highlight the differences 
between the NWS and SWS profiles. 
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although stratification and chl-a concentration are strongly correlated 
seasonally in the North Atlantic subtropical gyre, there is no discernible 
relationship on interannual time scales (Lozier et al., 2011), which 
limits the identification of a clear long-term relationship between upper 
ocean warming and primary productivity. On the other hand, it was 
reported that the long-term variability of phytoplankton biomass in the 
eastern Gulf of Mexico and the western Caribbean Sea is related to wind 
speed (via wind-induced upwelling and vertical mixing) (Kahru et al., 
2010). Given that the wind speed did not change considerably over 
time throughout the EEZ of Cuba (Table 1), this limited the long-term 
response of the MLD and consequently the associated biological re-
sponses. 
4.7. Extreme chlorophyll-a concentration and net primary production 
observations 
The high chl-a and NPP positive anomalies observed at the begin-
ning of 1998 and 2016 (Figs. 15 and 17) were most likely influenced by 
the strong ENSO events that occurred in 1997–1998 and 2015–2016 
(Racault et al., 2017), which agree with the findings of González et al. 
(2000) for the strong ENSO of 1982–1983. Thereby, a considerable 
biophysical response of the waters of the EEZ of Cuba appears to be 
associated with strong ENSO events since winter fronts and storms – 
particularly frequent during ENSO years – (Hernández, 2002) lead to 
increased mixing and high phytoplankton concentrations (González 
et al., 2000). 
The shallower MLDs (Fig. 18C and E) during the bloom of 1998 can 
be related to the meteorological conditions during the corresponding 
winter season. Although the Cuban territory was affected by 7 cold 
fronts in December 1997, only 4 developed in each of the first 3 months 
of 1998 (García et al., 1998). In general, temperatures remained warm 
during the winter season 1997–1998 due to the frequent occurrence of 
southerly winds (transporting heat and humidity from the Caribbean) 
over the western half of Cuba (García et al., 1998). In contrast, 11 of the 
16 cold fronts reported during the winter season 2015–2016 (from 
November 2015 to May 2016) developed in January and February 2016 
(Pedroso and Estévez, 2016). Besides, eight of these cold fronts were 
preceded by active low-pressure systems that led to severe local storms, 
while 10 of these low-pressure systems reached eastern Cuba (Pedroso 
and Estévez, 2016). 
Wind is an important factor influencing upwelling and the depth up 
to which the surface waters are mixed. Changes of MLD can lag changes 
of wind speed by several months (Carton et al., 2008). Thus, we ana-
lysed zonal and meridional mean winds over the entire EEZ for two 
months prior to the chl-a concentration increments observed in March 
1998 and February 2016 and during those blooming months. Overall, 
zonal and meridional winds were 0.81 and 0.14 m s−1 more intense, 
respectively, at the end of 2015 and beginning of 2016 than at the 
beginning of 1998 (Table 3). Besides, southerly winds affected the EEZ 
of Cuba in February 1998 (Table 3). These conditions limited the 
deepening of the mixed layer in the first months of 1998 as compared to 
the deepening observed at the beginning of 2016, which in turn dif-
ferently impacted the observed biological responses (Fig. 18). 
In general, although strong ENSO events lead to extreme chl-a 
responses in the waters surrounding Cuba, extreme deepening of the 
MLD is not always associated with ENSO. This can explain the limited 
deepening of the MLD at the beginning of 1998 (Fig. 15). At this time, 
the biological response was mainly triggered by horizontal advection of 
nutrient and chl-a rich waters from the coast and/or remote regions of 
the Gulf of Mexico rather than by the vertical advection of nutrients 
modulated by mixing and upwelling. On the other hand, the consider-
able responses of the chl-a concentration to strong ENSO events are not 
reflected by those of the NPP. Even though Fig. 20 shows that chl-a 
concentration and NPP have synchronised seasonal cycles, their ex-
tremes do not match. This has a multifactorial origin since chl-a con-
centration accounts for surface conditions, while NPP represents in-
tegrated responses throughout the euphotic layer. Besides, these 
variables are derived from satellite observations and mathematical 
models working at different spatial resolutions which impact the 
oceanographic processes they resolve. Field studies should be con-
ducted in order to discern the relationship between these important 
biological variables in the study area. 
4.8. Spatio-temporal variability 
The highest long-term variability of all the physical and biological 
variables analysed in this study was found in the NWS of the EEZ of 
Cuba (Table 1). Wind speed variability is associated with strong sea-
sonal fluctuations. For instance, Pérez-Santos et al. (2010) found high 
wind speed values mainly in fall and winter along a transect crossing 
the Yucatan Basin and the western sectors of the EEZ of Cuba. This high 
wind power was mainly a consequence of cold fronts effects (Pérez- 
Santos et al., 2010). Cold fronts generally originate from North 
America, reaching the EEZ from the southeastern Gulf of Mexico 
(González, 1999). These fronts are most intense to the northwest of 
Cuba since they weaken as they move in the eastward direction. A 
climatological analysis indicated that only 30% of cold fronts reaching 
the northwest of Cuba can affect the eastern end of the country 
(Hernández, 2002). On the other hand, the oceanic dynamics in the 
NWS is strongly affected by the warm waters flowing from the Car-
ibbean Sea via the Yucatan, Loop and Florida Currents. The spatial 
variability of the trade winds in the region significantly modulate the 
Loop Current variability (e.g., its northward and southward excursions 
into the Gulf of Mexico) (Lindo-Atichati and Sangrà, 2015). Seasonal 
and interannual fluctuations of the transported water volume by these 
currents (Rousset and Beal, 2011) and changes in their circulation 
patterns (Zeng et al., 2015; Kourafalou et al., 2017) affect the ocea-
nographic conditions in the NWS of the EEZ of Cuba. 
Furthermore, the location of the NWS allows for the inflow of nu-
trient- and chl-a rich waters from distant regions of the Gulf of Mexico, 
in particular when they enter into the Loop Current (Le Hénaff and 
Kourafalou, 2016). For instance, we observed entrainments of chl-a rich 
waters into the NWS (coming from the Mississippi mouth, the Western 
Florida shelf, and/or the Campeche Bank) in 43 months of the series of 
SeaWiFS and MODIS images. On the other hand, since the Loop Current 
is clearly distinguished in satellite chl-a images, we observed that its 
circulation patterns are associated with the horizontal entrainment of 
the chl-a rich waters to the NWS. Retraction of the Loop Current sti-
mulates the horizontal advection from the north of the Yucatan Pe-
ninsula (Fig. 22A) since the flow of waters from the Caribbean enters 
the Gulf of Mexico, turns abruptly eastwards, and exits through the 
Florida Straits. On the other hand, the northwestern extension of the 
Loop Current to the interior Gulf of Mexico limits the entrainment from 
the Yucatan Peninsula, but leads to the horizontal advection from the 
northeastern Gulf of Mexico (Fig. 22B). 
The significant meridional gradients of the analysed variables in the 
waters of the EEZ of Cuba agree with the presence of such meridional 
gradients (e.g., for SST and chl-a concentration) in the Caribbean Sea 
and the Gulf of Mexico (Zavala-Hidalgo et al., 2002; Wang, 2007;  
Muñoz et al., 2008; Damien et al., 2018). It has been reported that in 
Table 3 
Zonal and meridional mean winds (m s−1) over the entire EEZ of Cuba two 
months prior to the chl-a concentration increments at the beginning of 1998 
and 2016. Bold values indicate the month in which the chl-a concentration 
increments occurred.       
Wind component/year December/2015 January February March  
Zonal/1998   −4.53  −1.73  −4.57 
Zonal/2016  −6.25  −2.59  −4.42  
Meridional/1998   −1.11  1.04  −1.85 
Meridional/2016  0.26  −1.03  −3.13     
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the Wider Caribbean Region, SST decreases with increasing latitude 
because of the meridional gradient of insolation (Rodriguez-Vera et al., 
2019), although other factors also influence this spatial variability. On 
the other hand, the meridional gradient of chl-a concentration in the 
Gulf of Mexico is explained by the amount of nutrients injected into the 
euphotic layer (Damien et al., 2018). In general, we found that, in the 
period 1998–2017, the northern sectors of the EEZ were significantly 
cooler and more productive than the southern ones. This finding 
highlights the influence of the warm and oligotrophic conditions of the 
Caribbean Sea in the southern sectors of the EEZ and the more pro-
ductive waters of the Gulf of Mexico essentially in the NWS of the EEZ. 
5. Conclusions 
This study found evidence of the spatially heterogeneous oceano-
graphic conditions of the EEZ of Cuba, since the analysed variables 
fluctuated spatially with zonal and meridional gradients. Overall, the 
southern sectors were warmer and less productive than the northern 
ones, thereby showing the influence of the Caribbean Sea. The NWS 
showed the highest variability of the physical and biological variables 
analysed, which is mainly a consequence of the convergence of the 
Caribbean and the Gulf of Mexico waters as well as the Loop Current 
variability. The NES was strongly influenced by coastal conditions 
given its limited area and long coast line. The northern sectors were 
more exposed to horizontal advection of productive waters from the 
Gulf of Mexico (NWS) and coastal waters (NES). On the other hand, all 
analysed variables showed a marked seasonality in the EEZ of Cuba. 
The significant increase in SSHA was linked to the significant increase 
in the temperature of the upper water column. Still, this warming trend 
was not reflected in the chl-a concentration and NPP trends, which was 
consistent with the fact there has been no change over the past 20 years 
in mean wind regime and MLD. Thus, it can be inferred that surface 
phytoplankton abundance and productivity have been insensitive to the 
long-term changes in physical variables such as SST and SSHA. 
Furthermore, the strong ENSO events of 1997–1998 and 2015–2016 
appear to have considerably impacted the surface chl-a concentration in 
the waters of the EEZ of Cuba. This biological response was partially 
governed by the variability of the MLD. The long-term spatio-temporal 
variability of oceanographic conditions on the basis of satellite ob-
servations and modelling outputs in the EEZ of Cuba showed in this 
study have not been documented previously. Although we did not ex-
tensively compare the obtained results with field observations to cor-
roborate the accuracy of the former, our results can stimulate and guide 
future multiplatform field, satellite, and modelling studies that would 
advance our understanding of oceanographic dynamics and its influ-
ence on fisheries in the Cuban EEZ. Still, the obtained findings are re-
levant to assess changes in ocean health due to episodic and/or long 
term natural and/or anthropogenic perturbations. With this study we 
provide a baseline against which such changes can be evaluated. 
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